The solid superacid catalyst ferric-manganese doped tungstated zirconia (FMWZ) nanoparticles was prepared by impregnation reaction followed by calcination at 600 • C for 3 hr and had been characterized by X-ray diffraction (XRD), thermal gravimetric analysis (TGA), temperature programmed desorption of NH 3 (TPD-NH 3 ), X-ray fluorescence (XRF), transmission electron microscopy (TEM), and Brunner-Emmett-Teller (BET) surface area measurement. The transesterification reaction was used to determine the optimum conditions of methanolysis of waste cooking oil with FMWZ nanoparticles as heterogeneous solid superacid catalyst. The reactions variables such as reaction temperatures, catalyst loading, molar ratio of methanol/oil and reusability were also assessed which effects the waste cooking oil methyl esters (WCOME's) production yield. The catalyst was reused ten times without any loss in activity and maximum yield of 96% was achieved at the optimized conditions of reaction temperature of 200 • C; stirring speed of 600 rpm, 1:25 molar ratio of oil to alcohol and 4% w/w catalyst loading. The fuel properties of the WCOME's were discussed in light of ASTM D6751 biodiesel standard.
Introduction
Waste cooking oil methyl esters (WCOME's), a biofuel that can directly replace the fossil based diesel fuels, has gained much attention due to its renewable nature, calorific value, low toxic emission, carbon neutral and environmental benefits (Demirbaş 2003; Lotero et al. 2005; Al-Zuhair 2007; Demirbas et al. 2007; Mumtaz et al. 2012) . The costs of biodiesel production could be further enhanced if a lower cost feedstocks, such as waste cooking oil and animal fats, could be easily converted. These cheap feedstocks normally contain considerable amounts of free fatty acids (FFAs) and water, which make them unsuitable for production of biodiesel using homogeneous alkaline-catalyzed processes Puna et al. 2013; Rashid et al. 2013) . Reduction of FFAs can be carried out by adding up excess alkali, but this leads to the formation of soaps and to post reaction separation problems. Hence, a preferred pretreatment process for waste cooking oil is an esterification process that usually uses a strong homogeneous acid catalyst, such as sulphuric acid Address correspondence to Fatah H. Alhassan and H. Taufiq-Yap, Catalysis Science and Technology Research Centre, Faculty of Science-Universiti Putra Malaysia, 43400, UPM Serdang, Selangor, Malaysia. E-mail: abuohamid9090@gmail.com and yap-taufiq@yahoo.com (Canakci and Gerpen 2001; Lotero et al. 2005; Zheng et al. 2006; Dias et al. 2013 ). However, the use of this strong acid requires the use of costly corrosion-resistant equipments and neutralization of the reaction mixture after esterification, before the successive homogeneous base-catalyzed transesterification. Hence, the use of heterogeneous catalysts to replace homogenous ones can be expected to overcome the problem associated with liquid catalysts and in comparison with solid base catalysts,the acid catalysts hold the important advantage of catalyzing esterification of FFAs and transesterification of triglycerides simultaneously without soap formation Xie, Wang, and Li 2012; Xie and Wang 2013) .
Nowadays, solid superacids are classified as a new category of heterogeneous catalysts that can overcome many defects of the homogeneous acid catalysis. The physically powerful acidity of the heterogeneous superacid catalysts has attracted much consideration owing to their ability for catalyzing many reactions, such as esterification, cracking, alkylation, isomerization (Hino and Arata 1988; Corma 1995; Iglesia et al. 1996; Scheithauer et al. 1998; Petkovic, Bielenberg, and Larsen 1998; Arata et al. 2003; López et al. 2005; Chouhan and Sarma 2011; Xie and Yang 2011; Xie and Yang 2012; Zheng, Pan, and Wang 2013; Hayyan et al. 2014 ) and alcohol dehydration (Baertsch et al. 2002; Macht et al. 2004 ).
Among strong solid acid catalysts, there are several reports about the use of superacid solid catalysts to produce biodiesel, including sulphated zirconia (SZ) (Garcia et al. 2008) , tungstated zirconia alumina (WZA) (Furuta, Matsuhashi, and Arata 2004) , zirconia MoO 3 (Jacobson et al. 2008 ) and supported tungsten oxide catalysts which have recently received much attention because of their acid properties and their ability to catalyze both esterification and transesterification reactions, which play major roles in biodiesel industry (Furuta, Matsuhashi, and Arata 2004; Ramu et al. 2004; López et al. 2005; Rao et al. 2006 ). Furuta, Matsuhashi, and Arata (2004) also reported that soybean oil can be efficiently converted to methyl esters at a reaction temperature of 250 • C using WZA calcined at 800 • C (Chen et al. 2004) . WZA is also found to be suitable for the esterification of n octanoic acid, showing promise for application in biodiesel synthesis from lower-quality feedstocks.
A survey of literature showed that no work has been done so far on the production of biodiesel using ferric-manganese doped tungstated zirconia (FMWZ) superacid catalyst. The main objective of the this study was to prepare FMWZ superacid and to increase the understanding of the catalytic activity of FMWZ catalyst for the production of biodiesel using waste cooking oil. The catalyst was prepared by impregnation method and characterized by using XRD, TGA,TPD-NH 3 , XRF, TEM, and BET. Additionally, the effect of reaction variables such as the molar ratio of methanol/oil, the amount of catalyst used, reaction temperatures, reusability, and the important fuel properties were also appraised.
Material and Methods

Material
Waste cooking oil sample was obtained from local market-Serdang Malaysia. A total of 7.5 kg of oil was used for the optimization of biodiesel production process. Ferric nitrate nonahydrate, manganese nitrate tetra hydrate, ammonium metatungstate hexahydrate (99.0%), zirconium oxy chloride, and ammonium hydroxide (28-30%) were obtained from (Sigma-Aldrich-Malaysia).
Pretreatment of Waste Cooking Oil
For a successful simultaneous reaction and high yield of biodiesel, the oil must be free of water and other impurities. Initially, the received waste cooking oil was heated at 105 • C to remove water by loss and food waste through filtration. The FFA content was determined by a standard titration method (Alhassan et al. 2013) .
Characterization of Waste Cooking Oil
Determinations of acid and saponification value of the waste cooking oil were carried out according to the standard AOCS methods (AOCS 1997) .
Catalyst Preparation
15 grams of hydrate zirconyl oxychloride ZrOCl 2 were dissolved in about 300 ml of de-ionized water, dropwise addition of 7.90 gm of a 25% aqueous solution of ammonia led to precipitation; as much of the ammonia solution was added as was necessary to adjust pH of ≈ 9-10. The precipitate was aging overnight, filtered by vacuum, washed several times until a negative test of chloride ion and dried for about 24 h at 383 K.
Fe(NO 3 ) 3 ·9H 2 O, Mn(NO 3 ) 2 ·4H 2 O and ammonium metatungstate hexahydrate were dissolved in about 300 ml of de-ionized water in amounts corresponding to the desired stoichiometry and the solution was added dropwise under vigorous Stirring to zirconium oxyhydroxide solution and the mixture was left under vigorous stirring at room temperature for 4 hr. The mixture is then dried at 120 • C overnight calcined at 600 • C for 3 hr (Jentoft et al. 2004 ).
Catalyst Characterization
The powder X-ray diffraction (XRD) analysis was carried out using a Shimadzu diffractometer model XRD 6000. The diffractometer employing Cu-K α radiation to generate diffraction patterns from powder crystalline samples at ambient temperature. The Cu-K α radiation was generated by Philips glass diffraction X-ray tube broad focus 2.7 kW type. The crystallite size D of the samples was calculated using the Debye-Scherrer's relationship (Patterson 1939; Cheng et al. 2006 )
where D is the crystallite size, λ is the incident X-ray wavelength, β is the full width at half-maximum, and θ is the diffraction angle.
The TGA analysis was done on a Mettler Toledo TG-SDTA apparatus (Pt crucibles, Pt/Pt-Rh thermocouple) with the purge gas (nitrogen) flow rate of 30 ml min −1 and the heating rate of 10 • C min −1 from room temperature to 1000 • C.
The acidity of the catalyst was performed by temperature programmed desorption using NH 3 as probe molecule. TPD-NH 3 experiment was conducted using a Thermo Finnigan TPDRO 1100 apparatus equipped with a thermal conductivity detector. Catalyst approx 0.1 g of catalyst was placed in the reactor, treated under 150 • C for 15 min in N 2 (20 ml min −1 ). And 10% NH 3 in helium gas was ramped at 1 • C min −1 for 60 min. the purging with N 2 was done at room temperature for 45 min to remove NH 3 in the gas phase. The analysis of NH 3 desorption was then carried out between 50 • C and 900 • C under helium flow (15 • C min −1 , 20 mL min −1 ) and detected by thermal conductivity detector.
The elemental chemical composition of the prepared Ferricmanganese promoted tungstated Zirconia acid catalyst was determined by a Shimadzu X-ray fluorescence (XRF) with a Rayny EDX-720 spectrometer.
TEM (Hitachi H-7100, Japan) was also used to examine the crystal shape. For TEM analysis, the powder was dispersed in de-ionized water, dropped onto carbon-cover copper grids placed on a filter paper and dried at room temperature.
The total surface area of the catalysts was achieved using Brunauer-Emmer-Teller (BET) method with nitrogen adsorption at −196 • C. Analysis was conducted using a Thermo Fisher Scientific S.p.A (model: SURFER ANALYZER) nitrogen adsorption-desorption analyzer.
Simultaneous Methanolysis of Waste Cooking Oil
The simultaneous esterification and transesterification reaction of waste cooking oil containing 17.5 wt.% FFAs was done using prepared ferric-manganese promoted tungstated zirconia acid catalyst in BERGHOF high pressure laboratory reactor. A certain amount of catalyst, methanol, and oil were added to the reactor. The reaction was started by stirring at 600 rpm and heated to specified temperature and time. Then, the reaction mixture was cooled to room temperature and separated by centrifuge (Kubota 4200) at rpm 350 for 20 min.
Product Analysis
The waste cooking oil methyl esters (WCOME's) were assessed by gas chromatography (Shimadzu, GC-14B) coupled with Flame Ionization Detector (FID) detector, equipped with Rtx-65 capillary column (30 m × diameter 0.25 mm × 0.25 µm). Helium was used as carrier gas with the initial oven temperature at 100 • C held for 0.5 min and subsequently increased to 260 • C (hold 10 min) at 20 • C/min. Temperatures of the injector and detector were set at 250 • C and 280 • C, respectively. In each run, 1 µL of the sample was injected into the column. Heptadecanoic acid methyl ester was used as the internal standard to quantify the yield of esters. The yield of WCOME's was calculated by the following Eq. (Jitputti et al. 2006; Tan, Lee, and Mohamed 2010) Yield of WCOME s (%) = Total weight of methyl esters × 100
Total weight of oil in the sample
Catalyst Reusability and Leaching Tests
The catalyst separated from the reaction mixture through centrifuge at 350 rpm for 20 min. and then filtration, was initially washed with hexane to remove non-polar compounds such as methyl esters on the surface. Moreover, the catalyst was washed with methanol to remove polar compounds such as glycerol and finally dried at 120 • C for six hours. The leaching of the catalyst into the reaction mixture was determined by a Shimadzu XRF with a Rayny EDX-720 spectrometer.
Fuel Properties
The fuel properties of the WCOME's were appraised subsequent ASTM methods: cloud point (ASTM D2500), pour point (ASTM D97), kinematic viscosity (ASTM D445), flash point (ASTM D93) and density (ASTM D5002). Triplicate determinations were carried out for every experiment and the data are presented as mean ± standard deviation.
Results and Discussion
Characterization of Waste Cooking Oil
The saponification and acid value of waste cooking oil were found to be 173 mg KOH g −1 and 35 mg KOH g −1 , respectively, corresponding to a FFA level of 17.5% (Alhassan et al. 2013) . 
FAME Determination through GC Analysis
The GC results indicated that WCOME's has the lowest percentage of saturated fatty acids (39.67%) in comparison to unsaturated fatty acids (56.33%). The fatty acids reported in WCOME's include capric acid (C10:0), myristic acid (C14: 0); palmitic acid (C16:0), palmitoleic acid (C16:1), stearic acid (C18:0), oleic acid (C18:1) and linoleic acid (C18:2). The corresponding FAME's with their retention time are presented in Table 1 .
Characterization of Catalyst
The XRD powder pattern of FMWZ catalyst calcined at 600 • C for 3 hr as presented in Figure 1 . (Iglesia et al. 1996) . However, the presence of the monoclinic phase of ZrO 2 (2θ = 24.23 • and 28.037 • ) (JSPDS file No: 00-002-0536) was also detected. Ferric-manganese doped catalyst had no significant effect on the XRD patterns except for a slight lowering in the degree of crystallinity. The intensity of the peak corresponding to the monoclinic phase was also lower in the ferric-manganese doped tungstated zirconia suggesting the stabilization of the tetragonal phase. The absence of characteristic peaks matching to Fe 2 O 3 and MnO imply that the metal oxides are present in the form of solid solution or it is well dispersed on the zirconia surface. The dispersion of Fe 2 O 3, MnO particles and the bulky WO 3 facilitated stabilization the tetragonal phase of ZrO 2 (Garvie and Goss 1986; Valigi et al. 2002) .
To identify the effect of tungsten oxide content on the crystallinity of the ferric-manganese doped tungstated zirconia quantitatively, the crystallite sizes of zirconia and FMWZ were obtained from the broadening of the sharp peak of the samples and based on Debye-Scherrer equation. The addition of tungsten oxide was associated with a reduction in crystallite size to become 25.5, 13.0, nm for zirconia (Z) and FMWZ, respectively. This may be attributed to the tungsten oxide that remain bounded at the surface of the catalyst and inhibit the growth of zirconia crystallites, in agreement, thus with the other transition metal oxides, i.e. titania, stannia and ferria (Khder et al. 2008) . The reduce in the crystallite size can be explained by the hypothesis that the dispersed Fe 2 O 3 and MnO particles along with bulky WO 3 species on the surface of zirconia particles prevent their agglomeration during calcination (Jogalekar, Jaiswal, and Jayaram 1998) .
Thermogravimetric analysis of uncalcined ferric-manganese doped tungstated zirconia as shown in Figure 2 . It depicted two steps weight loss below 500 • C owing to removal of physisorbed and structural water, decomposition of iron and manganese nitrate and dehydroxylation process of ZrO(OH) 2 (Bi et al. 1996) . While at range of 500 • C-1000 • C the weight of the catalyst is stable indicating that no tungsten is lost from the surface at higher calcination temperatures (López et al. 2007) .
Total number of acid sites and the relative acidic strength of Fe-Mn-WO 3 /ZrO 2 catalyst can be measured by means of a total amount of NH 3 desorbed. The NH 3 -TPD profile showed that ferric-manganese doped tungstated zirconia catalyst had only one desorption peak around 690 • C (Figure 3) . These temperature peak corresponded to strong acid sites with an acid site density of about 3782.0 µmol/g. A Shimadzu X-ray fluorescence (XRF) with a Rayny EDX-720 spectrometer was used to find out the percentage of elements present in the sample (Santos et al. 2011; Costa et al. 2012) . The quantitative percentage of iron-manganese promoted tungstated zirconia elements were found to be iron (Fe)-1.597%, manganese (Mn)-0.554%, tungsten (W)-2.40%, zirconium (Zr)-77.7%, oxygen (O)-17.750%. Figure 4 showed nanosized crystal shape in the ferricmanganese doped tungstated zirconia catalyst as characterized by TEM. The image of the crystal depicted in Figure 4 , revealed a tetragonal shape of ferric-manganese-promoted tungstated zirconia. The crystals in Figure 4 , were uniformly distributed at the nanometer scale having a clear shape and different size, being approximately 50 nm with individual particles measuring 12.3-16 nm, which matched very well with XRD data. The reproducibility of the method was established through the triplicate preparations and triplicate analyses.
The specific surface area, average pore size and pore volume of FMWZ catalyst obtained using BET method were 44 m 2 g −1 , 79.0 nm and 0.0897, cm 3 g −1 , respectively. In correlation to a typical triglyceride molecule which has a pore diameter of approximately 58 • A (5.8 nm) and the average pore diameter of ferric-manganese doped tungstated zirconia catalyst was 79.0 nm. The pore size was large, so reactant can easily diffuse into the interior of the catalyst powder. This allowed reactants to be in contact with active sites, and the catalyst would have enhanced activity.
Effect of Reaction Parameters on Catalytic Activity
The influence of different reaction parameters such as temperature of reaction, catalyst amount and alcohol/waste cooking oil molar ratio on the catalytic activity for simultaneous esterification and transesterification reaction were examined.
Reaction Temperature
The temperature of reaction was found to be drastically influenced the biodiesel yield (Sivakumar et al. 2012 ).Thus, the experiments using the ferric-manganese promoted tungstated zirconia nanoparticles superacid catalyst were carried out at 80 • C up to, 220 • C with interval of 20 • C. The ester yield increased with the increased in the reaction temperature and reached the maxima at around 200 • C with negligible increased at 220 • C as was illustrated in Figure 5 . Hence, the optimum reaction temperature was fixed at 200 • C for further study.
Amount of Catalyst
Catalysts loading is the main reaction parameter that need to be optimized to increase the FAME's yield. The higher catalyst loading is needed to increase the availability of active sites (Yee et al. 2010) . The effect of FMWZ catalyst concentration (1-6% w/w) on biodiesel yield was studied at a molar ratio of oil to alcohol of 1:25, reaction temperature of 200 • C for a period of four hours and stirring speed of 600 rpm as depicted in Figure 6 . Increase in amount of catalyst concentration from 1 to 6% w/w lead to a visible increase in ester's yield from 67 to 97%. However, when the catalyst concentration was further Fig. 5 . Effect of reaction temperature at 4 hr, catalyst amount 4%, and oil to methanol molar ratio 1:25 and stirring speed of 600 rpm. increased to 6.0 wt.%, the reaction rate and methyl ester yield just slightly increased. Thus, it is obvious that the catalyst amount may have much effect to enhance the yield of biodiesel. The catalyst loading was selected as 4% w/w of catalyst concentration for optimization of molar ratio of alcohol to oil.
Molar Ratio of Methanol/Waste Cooking Oil
Due to the reversibility of simultaneous esterification and transesterification reaction for the production of biodiesel, excess amount of methyl alcohol desires to force the reaction towards the formation of biodiesel (Talebian-Kiakalaieh, Amin, and Mazaheri 2013; Sultana et al. 2014) . In order to investigate the effect of the molar ratio of methanol/waste cooking oil on biodiesel yield, experiments using ferric-manganese promoted tungstated zirconia catalyst were carried out by varying the molar ratio of methanol/waste cooking oil from 5 to 30. The other reaction parameters were; reaction temperature 200 • C, catalyst concentration 4 wt%, stirring speed of 600 rpm and for a period of 4 hr. As displayed in Figure 7 , the conversion of waste cooking oil with the existence of the catalyst revealed a strong reliance on the methanol to oil ratio. When the amount of the methanol was increased, the yield was improved considerably. The maximum yield was obtained at a molar ratio of approximately 25:1, beyond which additional methanol had irrelevant enhancement in WCOME's yield; the overload methanol used in the reaction was collected and reused.
Reusability of Catalyst
The catalyst reusability is a key step for commercial feasibility as it reduces the cost of WCOME's production (Taufiq-Yap et al. 2011) . Thus, the recycling of the ferric-manganese doped tungstated zirconia catalyst for biodiesel production has been studied for several runs after the catalyst was washed with hexane and then methanol to remove the non-polar and polar compounds and finally dried at 120 • C for six hours. For reusability studying, the reactions were carried out at 200 • C, stirring speed of 600 rpm, 1:25 molar ratio of oil to alcohol, and 4% w/w catalyst amount. The results showed that ( Figure 8 ) the product remains almost the same up to the ten run, and then drop to around 92.1% in the eleventh run suggesting the successful reusability of the catalyst for ten runs. The decrease of WCOME's yield may be attributed to the mass loss of catalyst in the recovery process. Therefore, it can be concluded that, the Fe-Mn-tungstated zirconia catalyst is easily regenerated and reused without noticeable leaching of iron and/or manganese and tungsten even after the twelfth run as shown in Table 2 .
Fuel Properties of Waste Cooking Oil Methyl Esters (WCOMEs)
Various of the key fuel properties of WCOME's were determined, as described in Table 3 , according to biodiesel ASTM (Moser 2008; Rashid and Anwar 2008) standard methods, such as density, kinematic viscosity (40 • C), flash point (FP), cloud point (CP) and pour point (PP). In comparison to POME's (Moser 2008) , the major oilseed plant grown in Malaysia, and especially diesel fuel. WCOME's depicted increased kinematic viscosity (40 • C, Table 3 ); however, WCOME's is still within prescribed ASTM D 6751 (1.9-6.0 mm 2 s −1 ) and EN 14214 (3.5-5.0 mm 2 s −1 ) kinematic viscosity specifications. Both WCOME's and POME's displayed flash point greater than Diesel fuel, as expected. In contrast, both WCOME's and POME's (Moser 2008) exhibited increased CP and PP in comparison to Diesel fuel, with WCOME's performing marginally better than POME's (Moser 2008) . Whereas, the density of WCOME's (0.860 kg L −1 ) was also well within the norms of ASTM (0.82-0.9 kg L −1 ) and European (0.86-0.9 kg L −1 ) standards (Table 3 ).
Conclusion
In this study the activity of the FMWZ nanoparticles catalyst was evaluated for the synthesis of biodiesel from waste cooking oil with high FFA. TEM results showed the nanosized crystal shape in FMWZ catalyst along with uniformly crystals distributed at the nanometer scale having a clear shape and different size. The XRD of the FMWZ also confirmed the crystals of lower size. The WCOME's yield reached 96.0% at 4 hr reaction, the catalyst amount 4w/w%, and molar ratio of methanol to WCO 1:25, and a temperature of 200 • C. The acid value of 35 mg KOH g −1 Fig. 8 . Reusability of FMWZ catalyst. Density (kg L −1 ) 0.860 ± 0.002 0.85 0.82-0.9 0.86-0.90 Kinematic viscosity (mm 2 s −1 ) at 40 • C 4 . 1 ± 1.30 2.6 1.9-6.0 3.5-5.0 Flash point ( • C) 160 ± 10.20 68 130 min 120 min Pour point ( • C) -12 ± 1.80 ---Cloud point ( • C) -7 ± 1.90 --before reaction reduced to 0.710 mg KOH g −1 after reaction signifying that, the catalyst was highly effective for simultaneous esterification and transesterification reaction. In addition, the recovery and recycling of the FMWZ in successive catalytic processes indicated that the catalyst can be reused for ten runs without any loss in activity. In conclusion, the findings have potential for widespread applications in academic and industrial scale production of biodiesel from waste cooking oil with high FFAs.
